"Waterfalls" phenomenon in superconducting cuprates 
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We show that the "waterfalls", as reported in recent ARPES studies on HTSC, can neither be 
described as a part of a self-consistent quasiparticle spectrum nor represent a new physical phenom- 
ena, namely the "new energy scale" . They stem from the critical suppression of the photoemission 
intensity along the Brillouin zone (BZ) diagonals. Our arguments, however, do not question the 
existence of the high-energy scale itself (~ 0.25 eV), which is a simple consequence of the renor- 
malization maximum and has been explained earlier in terms of coupling to a continuum of bosonic 
excitations. Moreover, when the matrix-elements are taken into account, it becomes clear that the 
photoemission spectrum consists of two components: one represents the spectrum of one-particle 
excitations and the other, having a grid-like structure along the bonding directions in the BZ, is of 
yet unknown origin. 

PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.-i, 71.15.Mb 



Since the mechanism of superconductivity in cuprates 
remains an unresolved issue, the observation of the rele- 
vant energy scale in their electronic excitation spectrum 
is naturally of great importance. Recently, a renewed 
interest to this problem has been rekindled by the find- 
ing of a "high energy anomaly". This anomaly, termed 
"waterfalls" , is observed in the photoemission spectra of 
cuprates by several photoemission groups [l|, [2|, y, |J, S l6[ 
and alr eady adopted by a number of different theories 
0, B S [3 EH, E, El- Here we show that the high en- 
ergy scales, obtained if one treats the waterfalls as a self- 
energy effect, may be wrong — caused by strong suppres- 
sion of the photoemission intensity in the center of the 
Brillouin zone (BZ). Taking this suppression into account 
reveals a new additional component in the photoemission 
spectrum. This component exhibits a grid-like structure 
along the bonding directions of the BZ which may be a 
signature of a one-dimensional ordering in cuprates. 

The waterfalls are observed as extended vertical parts 
of the quasiparticle dispersion around the BZ center 
0, H 0, H MM ( see Fig.la,b) and explained in terms of 
new ideas such as a disintegration of the quasiparticles 
into a spinon and holon branch [l[ , coherence-incoherence 
crossover 0, disorder-localized band-tailing [l3j], by 
familiar t—J model with [?[ or without Q string exci- 
tations, as well as within the self-energy approach by 
strong local spin correlations Q, itinerant spin fluctu- 
ations 0, Q, or quantum-criticality The reported 
distribution of the waterfalls' tails in momentum forms 
a diamond like shape [j], Q around the BZ center. How- 
ever, similar extended tails are also observed close to the 
BZ boundary at the (tt,0) point @, [f| (see Fig. lc), for 
example. 

First, we show that the waterfalls do not necessarily 



represent a new physical phenomena — the "new energy 
scale" . This becomes clear from comparison of the raw 
data presented in Fig. 1 b and d. These panels represent 
two photoemission spectra measured along two equiva- 
lent cuts of the reciprocal space of a single-crystalline 
BSCCO, but while panel b shows the distinct energy 
scale (black arrow) and long waterfalls, very similar to 
Fig. la, panel d exhibits virtually neither such a scale 
nor the waterfalls. Since both the electronic band struc- 
ture and many body effects stay invariant to any transla- 
tion by a reciprocal lattice vector, the difference between 
these two images comes from the photoemission matrix 
elements which, as a rule, strongly depend on momentum 
["LH flEl [l6| . In this case the photoemission is completely 
suppressed in the center of the first BZ or, more precisely, 
along the zone diagonals (nodal directions, see Fig. le). 
One can see that both the anomalously sharp kink and 
the long vertical waterfalls in Fig. lb are simply caused 
by such a suppression. 

Second, we address the question whether the water- 
falls observed along the nodal direction (Fig. la) can be 
described by a single-particle Green's function (as sug- 
gested by Refs.|2|,|3|,[6|) and are, therefore, self-consistent. 
Evidently, they are not. The "self-consistency" means 
that the spectrum can be described by the Green's func- 
tion G(k, uj) — \/{<jJ — £k — E) where the quasiparticle 
self-energy S(k,o;) is a casual analytic function, the real 
and imaginary parts of which are related by the Kramers- 
Kronig (KK) transform (see Ref. 17- for further details). 
The lack of self-consistency in the wide energy range, 
such as covered by Fig. la or b, can be easily understood: 
while the imaginary part, T,"(lu), which is proportional 
to the width of the quasiparticle spectrum in momen- 
tum (so-called "MDC width" [3]), stays constant along 
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FIG. 1: Typical snapshots of the one-particle excitation spectrum of (Bi,Pb)2Sr2CaCu20s (a-f) and YBa2Cu306.s (g) as seen 
by angle resolved photoemission. The spectra shown in panels a-d are measured along the cuts marked on the Fermi surface map 
(e). f, g The distribution of the spectral weight at 0.38 eV below the Fermi level for BSCCO and YBCO samples, respectively. 
The 1st Brillouin zone is confined by the dotted squares on the maps. 



the waterfall length (0.4 - 0.9 eV), the real part, 
which is the difference in energy between the experimen- 
tal and the bare dispersions, becomes inevitably negative 
when the long vertical waterfall crosses the bare disper- 
sion. This is clearly seen in Fig. 2, which also shows that 
not only the long sections of constant T,"(ui) but also the 
energy scales derived from width and dispersion of the 
waterfall anomaly are not KK-consistent. For example, 
the maximum of £'(u;) derived from the experimental dis- 
persion (see curves 1-3 in top of panel b) stays at much 
higher energy, ~ 0.36 eV, than the position of the maxi- 
mum of S'(w) = KK (curve 3'), ~ 0.17 eV. 

Third, we note that the given arguments do not doubt 
the existence of the high-energy scale itself, which is a 
simple consequence of the renormalization maximum and 
has been already explained in terms of coupling to a con- 
tinuum of bosonic excitations 17, [lllIllHlIl. Fig. 3 



presents a self-consistent quasiparticle spectrum which is 
simulated on the basis of the complex self-energy function 
and bare electron dispersion, both derived from the pho- 
toemission data measured up to binding energy of 0.3 eV 
and published in Ref. [l7|. The high energy scale at about 
0.25 eV (shown by the black arrow in Fig. 3a) appears as 
a natural consequence of the maximum in S"(o;). Thus, 
it seems to be a matter of a pure coincidence that the 
high-energy scale at about 0.4 eV, caused by the afore- 
mentioned suppression, almost coincides with the real 
one, caused by the renormalization maximum. 

Finally, we note that the observed suppression does not 
explain the whole story — i.e. why the waterfalls are so 
long. To better perceive the problem, the reader may 
compare the waterfalled photoemission spectrum (see 
Fig. la or Refs.Q, 0, 0, Ejl 0) with the self-consistent 
one (see Fig. 3a or Ref. 1 1 Oh - Moreover, the problem 
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FIG. 2: The self-energy parts extracted from the waterfall spectrum (such as shown in Fig. la) are inconsistent with Kramers- 
Kronig (KK) transform, (a) Experimental dispersion (points) with different bare band models: parabolic (1) [171 ]. tight binding 
(2) [T3] : and LDA calculated (3) p|. (b) Real (top) and imaginary (bottom) parts of the self-energy extracted from experimental 
dispersion and from width of photoemission spectrum, respectively. Different curves (1-3) correspond to different bare band 
models. The red curves (3') in both panels represent the KK-consistent counterparts for the LDA bare band model (see Ref.flTl 
for details of KK procedure) . 
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FIG. 3: The quasiparticle spectrum along the nodal direction of Bi-2212 (a) simulated from the complex self-energy (b), and 
bare electron dispersion (dotted line), both determined from the self-consistent analysis of the photoemission spectrum of 
Bi-2212 within — 0.3 eV binding energy range (after Ref. [Tt]). 



of the long tails is not peculiar merely to the region 
around the BZ center. The long tail of constant inten- 
sity at the (7r,0) point, shown in Fig. lc, also cannot be 
described by self-consistent Green's function, since for 
M ^* [^k, S'(w), E"(w)] the one-particle spectral func- 
tion A ~ ImG ~ Yj"(lo)/uj 2 and can hardly stay con- 
stant. On the other hand, these tails can find a natural 
explanation as caused by an additional spectral weight 
of yet unknown origin. Then the waterfalls seen in pan- 



els a and b are formed because the suppression affects 
both the quasiparticle (the spectral weight which can be 
described by the quasiparticle approach) and the addi- 
tional (extrinsic or incoherent) components, as can be 
seen in Fig. If. Here we can mention that an additional 
higher energy component is supported by recent optical 
experiments [23 ]. 

It is interesting that the distribution of this additional 
component in momentum space, when the photoemission 
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matrix elements are taken into account, is localized along 
the bonding directions in the reciprocal space, as one 
can see in Fig. If and, more clearly, in Fig. lg for an un- 
twinned YBCO, for which the overall picture is qualita- 
tively the same. Evidently, this component, either inco- 
herent or extrinsic, represents a new phenomenon which 
should be understood. One possible explanations can 
be related with the disorder- localized in-gap states [3] • 
The inelastic scattering of photoelectrons [25j can be an- 
other option. On the other hand, the grid-like momen- 
tum distribution of this additional spectral weight may 
hint at the presence of a one-dimensional structure [26| . 
Then, the photoemission spectra consists of two signals, 
one from the well studied two-dimensional metallic phase 
and another from an underdoped one-dimensional phase. 
Such a scenario would be consistent with the "checker- 
board" structure observed by scanning tunneling spec- 
troscopy in lightly hole-doped cuprates [27 1. 
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